ABSTRACT The RNA rhinoviruses (RV) encode 2A proteases (2A pro ) that contribute essential polyprotein processing and host cell shutoff functions during infection, including the cleavage of Phe/Gly-containing nucleoporin proteins (Nups) within nuclear pore complexes (NPC). Within the 3 RV species, multiple divergent genotypes encode diverse 2A pro sequences that act differentially on specific Nups. Since only subsets of Phe/Gly motifs, particularly those within Nup62, Nup98, and Nup153, are recognized by transport receptors (karyopherins) when trafficking large molecular cargos through the NPC, the processing preferences of individual 2A pro predict RV genotype-specific targeting of NPC pathways and cargos. To test this idea, transformed HeLa cell lines were created with fluorescent cargos (mCherry) for the importin ␣/␤, transportin 1, and transportin 3 import pathways and the Crm1-mediated export pathway. Live-cell imaging of single cells expressing recombinant RV 2A pro (A16, A45, B04, B14, B52, C02, and C15) showed disruption of each pathway with measurably different efficiencies and reaction rates. The B04 and B52 proteases preferentially targeted Nups in the import pathways, while B04 and C15 proteases were more effective against the export pathway. Virus-type-specific trends were also observed during infection of cells with A16, B04, B14, and B52 viruses or their chimeras, as measured by NF-B (p65/Rel) translocation into the nucleus and the rates of virus-associated cytopathic effects. This study provides new tools for evaluating the host cell response to RV infections in real time and suggests that differential 2A pro activities explain, in part, strain-dependent host responses and diverse RV disease phenotypes.
to an NLS or NES segment that directed its cargo trafficking according to a different importin/exportin pathway ( Fig. 2A ). The pathways with definable localization sequences ( Fig. 2C ) included importin ␣/␤ (e.g., simian virus 40 [SV40] NLS), transportin 1 (e.g., M9 NLS), transportin 3 (e.g., RS NLS), and Crm1 (PKI NES). Cell imaging readily showed the mCherry signals were properly directed by their localization signals (Fig.  2B) . The NLS proteins accumulated in nuclei. The NES protein was predominantly cytoplasmic. These modified mCherry proteins are Ͻ40 kDa, so if their active trafficking is disrupted, each will quickly diffuse throughout the cell to equilibrium.
Transfection assay validation. Sequence differences among RV 2A pro preclude the use of a common tracking antibody, which in any case would be ineffective in intact cells, but each enzyme has in common an efficient proteolytic activity directed at its own 1D/2A site, the segment that links it within its polyprotein. Therefore, the relative 2A pro expression was monitored by configuring the genes in frame to a green fluorescent protein (GFP) reporter sequence, using a sufficient (29-to 33-codon) homologous 1D spacer, so that the translated fusion proteins would efficiently self-process (Fig. 3A) . The GFP signal then acts as a surrogate for the amount of active 2A pro . A Flag tag was added at the C terminus of each 2A pro to prove that assumption. Translation of the transcript panel in reticulocyte lysates showed similar protein expression levels and confirmed that the encoded enzymes were active for complete self-processing at their respective 1D/2A sites (Fig. 3C ). Cellular translation from transfected transcripts gave similar patterns (Fig. 3D ). This translation was driven by an EMCV IRES, without which 2A pro cleavage of eIF4G would inhibit continued transcript expression (11) . Interestingly, for the parallel control plasmids, which expressed only GFP or an inactive mutated (GFP-2A mut ) protein, cellular expression, even though driven by this IRES, was never as robust (Fig. 3D ). 2A pro inhibition of competitive cap-dependent translation was almost certainly the cause of this (14) .
The expressed proteases, particularly from B14 and B52, were also adept in cells, but not reticulocyte lysates, at trimming the homologous 1D segment from the C termini of their GFPs. This did not affect the relative GFP fluorescence because the protein's activity is tolerant of short C-terminal extensions (15) . Moreover, in no case did 2A pro expression compromise mCherry concentrations or remove the linked NPC targeting signals. Equivalent mCherry proteins were present in all the cells, for all NLS/NES lines, and for all 2A enzymes up to at least 12 h posttransfection (p.t.) (Fig. 3B ). When these elements were combined, the correlation between mCherry localization and GFP (2A pro ) intensity could be documented. Figure 4 shows examples of static, fixed cell images showing that transfection-introduced transcripts with active (GFP-2A), but not inactive (GFP-2A mut ), enzyme redistributed the nuclear mCherry (M9 NLS) signal throughout the cell or, conversely, redistributed a cytoplasmic mCherry (NES) signal into a similar, diffuse pattern equivalent to that achieved by leptomycin B. For both illustrated cell types, and as extended to all four cell lines (data not shown), 2A pro cleavage of the relevant transportin-required Nups was responsible for this effect.
Live-cell image capture. Fixed cell images do not record changes in cleavage rates that were likely properties of the enzyme panel or compensate for cell expression individualities. Fortunately, the inherent fluorescence of GFP, mCherry, and DAPI (4=,6-diamidino-2-phenylindole) does not require fixation for visualization. The transformed cells were plated and grown in a microscope chamber where multiple field positions and wavelengths could be recorded simultaneously with time-lapse imaging. Computational image processing (JEX) allowed the nuclear and cytoplasmic signals for individual cells to be sensitively and independently tracked throughout the course of an experiment. The recordings began 2 h after transfection with the characterized GFP, or GFP-2A pro transcripts, under conditions equivalent to those described above, which validated the cells and RNAs. The data from any cell that eventually became "green" (i.e., was transfected) was captured. A typical plot from an mCherry M9 NLS recording (15-min intervals) illustrates one control cell (Fig. 5A) , tracking steady-state nuclear and cytoplasmic mCherry signals for up to 12 h. The starting mCherry signal was predominantly nuclear because of the encoded NLS. Introduction of 2A pro (GFP-2A A16) rapidly changed this pattern ( Fig. 5B and C) . These representative tracks document nuclear mCherry efflux in almost exact proportion to reciprocal accumulation in the cytoplasm over time. Figure 5D vidual cycles. The question asked for each cell, each cell line, and each 2A pro was how much GFP signal was required to achieve an equivalent, measurable trafficking impact. As described in Materials and Methods, for each of 200 to 250 cells per condition, the ratio of nuclear mCherry integrated intensity to the total cellular mCherry integrated intensity (nuclear mCherry ratio [ratioN]) was calculated from the recorded images at every time point throughout a given experiment. In the mCherry-NES cells, where the signal starts predominantly as cytoplasmic, the ratio of the cytoplasmic mCherry integrated intensity to the total cellular mCherry integrated intensity (cytoplasmic mCherry ratio [ratioC]) was calculated instead. The change in ratio (ΔratioN or ΔratioC) relative to the starting time point (2 h) was then projected over multiple intervals (3.5, 4, 5, 6, 7, and 8 h p.t.) and normalized to the amount of GFP present in that cell (common filter settings) during the same time interval. The method basically evaluates the observable rate of mCherry nuclear influx/efflux as a function of the GFP concentration (i.e., 2A pro ) per cell over time. nuclear transport inhibition) induced in cells over time for equivalent amounts of GFP signal (i.e., 2A pro ).
The cumulative information for four repetitions summarizing ϳ900 h of recordings that tracked ϳ50,000 cells is plotted in Fig. 7 . For inhibition of the three importin pathways, B52 and B04 2A pro were always more effective than any other enzymes. As early as 3.5 to 4.0 h p.t., B52 and B04 transcripts induced significantly more mCherry nuclear efflux per unit of GFP (2A pro ), and they remained the leading enzymes all the way out to 8 h. In cells where mCherry was regulated by the transportin 1 or importin ␣/␤ pathway, B14 and C15 were the next most efficient, releasing labeled cargo from the nuclei almost twice as fast as A16, A45, or C02 2A pro . This pattern did not hold, however, for the transportin 3 pathway, where only B04 and B52 distinguished themselves. Phenotypes for the Crm1 export pathway took much longer to manifest for all of the enzymes. By 6 h p.t., though, the B04 and C15 samples were clearly ahead of the others at inducing nuclear influx. These sensitive measurements also recorded C02 and A45 as slightly faster than the remainder when attacking the same pathway if allowed to proceed for the full 8 h.
When the same ΔratioN and ΔratioC values were collected and replotted for each individual enzyme (not shown), there was a clear, repeated preference for the order in which the 4 tested pathways were compromised. Transportin 1, transportin 3, importin ␣/␤, and then Crm1 became sequentially impaired, albeit within time frames that varied among the enzyme panel, as described above. That there were indeed overall differences in the observed kinetics and in the extent of inhibition of each pathway was the result predicted by the individual Nup cleavage assays, since it is known that each transport receptor interacts with a different cohort of Nups or at distinct sites within the same Nups as they carry their cargo through the NPC (16) (17) (18) (19) (20) . The data are entirely consistent with the idea that members of the 2A pro panel exerted their individual proclivities against these Nups with different affinities and turnover rates. The mechanistic consequences manifest as actual, recordable, significant transport differences for these representative pathways.
Comparative transport disruption during infection. The different 2A pro activities also predict measurable consequences with regard to antihost activities, particularly cytokine induction, during virus infections. Accordingly, a fifth HeLa cell line was engineered, stably expressing an mCherry-tagged version of the RelA(p65) subunit of the NF-B RelA/p50 antiviral transcription activator complex (21) . Treatment of the mCherry-RelA cells with tumor necrosis factor alpha (TNF-␣) produced rapid relocalization of cytoplasmic NF-B into the nucleus (Fig. 8C) . RelA proteins encode both NLS and NES, so as an appropriate control, a sixth cell line was also engineered, transforming the previous mCherry-PKI NES cells with an additional yellow fluorescent protein (YFP)-SV40 NLS fusion sequence. The dual reporters in this line respond independently to export (mCherry) and import (YFP) disturbances. Cells from both new lines were infected with A16, B04, B14, and B52 viruses and monitored by time-lapse microscopy. Since infected cells round up and die much more rapidly than after RNA transfections, data processing precluded the standard analyses with JEX. Instead, the phenotypes were evaluated using per-cell digital quantitation of images captured with the relevant filters (22) and included only those cells that eventually exhibited cytopathic effects (CPE), meaning they were indeed productively infected. Figure 8A to C shows sample images for both cell lines (A16 infection). The data summaries (Fig. 9 ) followed ϳ100 cells per sample over 14 h, recording the time of CPE, as well as virus-dependent NPC transport disruption (mCherry and YFP) or NF-B disruption (mCherry). Infection of the dual-reporter cells (PKI NES and YFP-SV40 NLS) with B52 or B04 led to equivalent, rapid disruption of active nucleocytoplasmic trafficking. At least half of each reporter signal was relocalized by 6 h postinfection (hpi) with either virus (Fig. 9A and B) . The B14-infected cells required more time (8.5 hpi) for the same effect, and A16-infected cells were by far the slowest to respond (9.25 hpi for NLS and 9.75 hpi for NES). For the B52 and B04 viruses, CPE was half maximal at approximately 3 to 3.5 h post-NPC disruption (9 and 9.5 hpi, respectively) (Fig. 9D) , which is 1.5 to 2.5 h earlier than for A16 and B14 (11.5 and 11 hpi, respectively).
Assignment of these phenotypes specifically to the included 2A sequences required parallel testing of matched chimeric viruses. RV-A and RV-B swaps are incompatible because of the competing locations of the cis-acting replication elements (within 2A for RV-A and within 1D for RV-B) and a requirement for short homologous cleavage site sequences during the cis-acting 2A processing event (23) . Nonetheless, two fully viable recombinant B14 viruses were obtained that replaced (or not) the native B14 2A gene with the 2A gene from B52 in identical contexts that repeated (or duplicated) 8 codons at each end of the gene. When the B14/B52 2A virus infected the dual-reporter cell line, it disrupted YFP-SV40 NLS import (Fig. 9C) faster than the control chimeric B14/B14 2A virus, with the inflection points occurring at 7.5 hpi and 9.25 hpi, respectively. The export inhibition of mCherry PKI NES, measured in parallel, virtually overlapped the respective YFP signals, and for both chimeras, CPE occurred approximately 2.5 to 3 h after the midpoint of trafficking inhibition (data not shown). Basically, the time differ-ential between the chimeras was similar to that of the native B52 and B14 viruses (Fig.  9A) , confirming that transport disruption rates were conferred by the 2A pro sequences.
Similar trends were also observed in mCherry-RelA-infected cells (Fig. 9E ). This cytokine-inducing transcription factor became nuclear at least 1 h earlier during B04 and B52 infections than with B14 or A16, but the timing of these events was delayed from 30 min (B14) to 2.5 h (B04, B52) relative to the YFP SV40 NLS cargo (Fig. 9B) or the PKI NES cargo (Fig. 9A) . Interestingly though, A16 infection induced mCherry-RelA translocation almost an hour earlier (8.5 hpi) than its inhibition of nucleocytoplasmic transport in the PKI NES and YFP-SV40 NLS cells. Moreover, the activation of this antiviral pathway (overexpression of the recombinant gene) seemed to directly influence the parallel observation of CPE, which was delayed relatively during B04, B14, and B52 infections while it was accelerated (to 10.5 hpi) in the A16 infections (compare Fig.  9D and F) . Thus, each virus caused markedly different effects on specific cargoes undergoing regulated nucleocytoplasmic trafficking. In particular, the differing effects on mCherry-RelA trafficking are consistent with the idea that each virus programs a unique host response, potentially regulated by its overall replication rate and its preferred specificity for Nup cleavages.
DISCUSSION
2A pro is unique to the genus Enterovirus. During infection, all 2A pro , regardless of species or isolate, participate in primary polyprotein processing. Thereafter, they target initiation factor eIF4G to achieve translation inhibition of capped cellular mRNAs. The 2A pro then progress to Nup protein cleavages to bring about an inhibition of nucleocytoplasmic trafficking (7, 9, 24) . However, virus isolates, particularly between the RV species, are not universal in their 2A pro sequences, especially within the substrate binding pocket (25) . These changes cause site selection preferences within eIF4G substrates and within specified sets of target Nups, as measured in vivo or in vitro (9, 11, (26) (27) (28) (29) . This range of activities was examined here with a panel of 13 RV enzymes chosen to cover the clade diversity within the RV 2A pro phylogeny. As reported previously, but now confirmed with a larger panel, the substrate preferences manifest as rate or location differences within the Nups, but the variation was finite in that some clades of enzymes had similar proclivities. A01a, A02, A28, and A16 formed one grouping, and A45 and A95 (clade D viruses) formed another, as did B17 and B52 and also C02 and C06.
Rhinoviruses, the most prevalent of human respiratory viruses, are responsible for at least 50% of recorded upper respiratory tract illnesses (30) . RV infections also cause a spectrum of etiologies, from asymptomatic to pneumonia or severe asthma exacerbations (31) . The genotypes of individual RVs influence illness severity (32) . Recent data from the University of Wisconsin (UW) COAST (Childhood Origins of Asthma) study associated certain RV-A and RV-C isolates with more severe respiratory illnesses in infants than the equivalent RV-B isolates (32) . Moreover, sinus epithelial cells differentiated at the air-liquid interface, tested with recombinant A16, A36, B52, B72, C2, C15, or C41 viruses, also showed that the RV-B types have correspondingly slower replication and lower cytotoxicity and cytokine/chemokine production than the RV-A and RV-C viruses (33) . Since the RVs infect only a small subset of airway epithelial cells, virusinduced lysis cannot be the singular cause of observed damage to the epithelial cell lining (34) . Rather, differential immune responses triggered by these infections contribute significantly to respiratory symptoms (35) . The infected and bystander airway epithelial cells produce a number of proinflammatory cytokines and chemokines (e.g., interleukin 8 [IL-8], IP-10, granulocyte colony-stimulating factor [G-CSF], and RANTES) that correlate with RV symptom severity (36) (37) (38) . The generation of these responses requires a network of intracellular and extracellular immune signaling dependent upon nucleocytoplasmic trafficking of proteins and RNA.
We hypothesized that genetic diversity among 2A pro , which clearly manifests as cleavage differences in cytokine-trafficking pathways, could be a determinant in the disease expression of individual RV genotypes. If true, the observed Nup cleavage differences should show differential inhibition of nuclear transport pathways through NPC, providing each virus group a mechanism of control over the types of nuclear trafficking. Initially, 4 HeLa cell lines stably expressing mCherry marker proteins linked to NLS or NES sequences for importin ␣/␤, transportin 1, or transportin 3 import or Crm1 export were transfected with RNAs encoding 7 representative 2A pro in a live-cell fluorescence assay. The inherent activity of 2A pro inhibits self-expression from cDNAderived capped mRNAs. Therefore, to control for differential transfection and protein synthesis levels per cell, the RNA transcripts included a linked GFP gene driven by an EMCV IRES as a surrogate concentration signal. Each 2A pro activated itself by N-terminal autoprocessing as it would within its own polyprotein. An advantage of this assay was the ability to record cell-to-cell variability over time, thus sampling the full population heterogeneity and breadth of responses.
As predicted by the Nup cleavage hypothesis, on a per-enzyme basis, the 2A pro targeted these pathways with different avidities. The B52 and B04 proteases disrupted the importin ␣/␤, transportin 1, and transportin 3 nuclear import pathways more efficiently than other proteases, and for each pathway, there was a shifting hierarchy of rates across the panel, varying reproducibly 2-to 10-fold over 8 h, depending upon the 2A pro . For the Crm1 export pathway, the C15 and B04 proteases were the most efficient, and again, the relative rates were dependent on the selection of 2A pro , with the highest (C15) exceeding the lowest (B52) by nearly 4-fold. Interestingly, in reported nonquantitative immunofluorescence (IF) assays with poliovirus 2A pro , it was suggested that this particular enzyme targeted importin ␣/␤ and transportin 1 import pathways, but not Crm1 export (9, 39) . Our data found all RV enzymes readily impacted the export pathway, albeit some did it more slowly and with a lower apparent priority. In this regard, perhaps poliovirus simply has rate preferences more similar to the B52 pattern.
In general, the RV-A and RV-C proteases showed slower kinetics than B04 and B52 in disrupting nuclear import. Were this to translate into patient infections, it is conceivable that some antiviral signaling might then occur with these viruses before full nuclear transport shutoff, thus promoting proinflammatory immune responses that could cause the more severe illness symptoms observed with RV-A and RV-C infections (33) . Indeed, the nuclear cycling of NF-B, when measured in a new reporter cell line, was dependent upon the type of RV that infected the cells (Fig. 7C) , as was the time of appearance of CPE ( Fig. 7B and D) . While infections measure the collective effects of 2A pro damage during an infectious cycle, the data are entirely consistent with the per-enzyme rate kinetics observed in the RNA transfection assays. The nuclear import pathways studied here are also responsible for the import of a number of nuclear proteins (transportin 1, hnRNP A1, transportin 3, Srp20, importin ␣/␤ nucleolin, and PTB) that relocalize into the cytoplasm of poliovirus-and RV-infected cells and can stimulate viral replication and translation (8, 10, (40) (41) (42) (43) (44) (45) . Timed 2A pro disruption of these pathways could certainly affect overall viral replication levels, which contribute directly to RV virulence. Notably, among the 77 RV-A, RV-B, and RV-C genotypes surveyed in the UW COAST study (32, (46) (47) (48) , B52 was the least virulent and C02 was the most virulent. The other genotypes in our 2A pro panel were not captured by that study. In our experiments, the B52 protease proved to be one of the most efficient proteases at disrupting the three nuclear import paths and the slowest at regulating the export pathway. The import pathways regulate cargos involved in the expression of immune responses. Transportin 1 and transportin 3 import hnRNPs and SR proteins, respectively, both of which are factors controlling alternative splicing mechanisms of pre-mRNAs (41, 49, 50) . Most genes of the immune system, including cytokines, intracellular signaling molecules, and transcription factors, are alternatively spliced by proteins imported via these pathways to either enhance or repress immune responses (51) (52) (53) . The importin ␣/␤ heterodimer imports transcription factors NF-B, IRF-3, and STAT1 into the nucleus, where they stimulate the interferon response and upregulate antiviral genes (54) (55) (56) . Rapid disruption of this nuclear import pathway (e.g., by B52 2A pro ) could quickly dampen this type of immune response and reduce the cellular damage and respiratory symptoms caused by proinflammatory cytokines and chemokines. cytoplasmic signals for DAPI, mCherry, and GFP (a surrogate for 2A pro ) for large numbers of individual cells per condition over the course of each experiment.
Data normalization. Image-filtering and thresholding steps were applied to DAPI (blue) and mCherry (red) images to generate the masks for nuclear, cytoplasmic, and whole-cell areas. Using these masks, integrated intensities (3 wavelengths) were measured for all regions for each cell (600 to 800 cells/set). The values were imported into R software (http://www.r-project.org) for filtering and analysis. The integrated nuclear DAPI (blue), integrated nuclear mCherry (red), integrated cytoplasmic mCherry (red), and cellular GFP (green) intensities (in arbitrary relative fluorescence units [RFU]) were plotted over time for each cell within each experimental set. Cells with no changes in mCherry or GFP (i.e., not transfected) were discarded. However, as the background GFP intensity was generally low, the filtering criteria were set loosely to avoid falsely omitting cells that might be expressing some 2A pro . The time tracks were cut short if the cell started exhibiting CPE (Ͼ10 h posttransfection). Since the total integrated mCherry intensity of each cell (the sum of nuclear and cytoplasmic integrated mCherry intensities) did not change measurably throughout an experiment (Fig. 5) , for mCherry-NLS cells, the integrated nuclear mCherry intensities were normalized by the total integrated mCherry intensities (ratioN) at each time point. Likewise, for the mCherry-NES cells, at each time point, the integrated cytoplasmic mCherry intensities were normalized by the total integrated mCherry intensity (ratioC). The change in the nuclear or cytoplasmic mCherry ratio (ΔratioN or ΔratioC) throughout the course of the experiment with respect to the initial ratio was calculated for each 2A pro (200 to 250 cells/2A pro type). The ΔratioN or ΔratioC was normalized for cellular 2A pro expression levels by dividing the calculated ΔratioN or ΔratioC by the average cellular GFP intensity to compare efficiencies of different 2A pro to disrupt nuclear transport.
Infected live-cell image capture. mCherry (NES; p65/RelA) and YFP (NLS) were monitored during virus infection in wells of plated HeLa cells (as described above) exposed to A16, B04, B14, B52, or chimeric viruses (25°C; 30 min; multiplicity of infection [MOI], 10). The cells were washed with PBS to remove unattached virus prior to incubation and timed image capture (34°C, as described above). Infected cells round and die more rapidly than after RNA transfections. Therefore, data processing precluded standard analyses using JEX, and instead, these phenotypes were evaluated using a per-cell digital analysis (22) where the ratios of cytoplasmic (cyto) to nuclear (nuc) signals were scored visually at standard time points (every 15 min for 14 h) using the following 3-point scale: 0 for a cyto/nuc ratio of Ͼ1 (mCherry) or a nuc/cyto ratio of Ͼ1 (YFP); 1 for a cyto/nuc ratio of Յ1 (mCherry) or for a nuc/cyto ratio of Յ1 (YFP); and 2 for loss of cell motility and/or DNA condensation, consistent with cell death and lysis (i.e., CPE).
Western analyses. Cell monolayers were washed (PBS) and then collected in gel loading buffer (SDS) and boiled. After SDS-PAGE fractionation, proteins were electrotransferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore). The membranes were blocked with Trisbuffered saline-Tween 20 (TBST) (20 mM Tris, pH 7.6, 140 mM NaCl, 0.5% Tween 20, 10% nonfat dry milk) and then washed (3 times) with TBST before incubation with appropriate primary antibodies (in TBST with 1% nonfat dry milk) overnight at 4°C. The membranes were washed again (3 times) with TBST before incubation with secondary antibodies (in TBST with 1% nonfat dry milk). After final washes, the membranes were exposed to film or imaged on a Foto/Analyst Luminary FX (Fotodyne) in the presence of enhanced chemiluminescence substrate (Promega). Primary antibodies against GFP (rabbit polyclonal SC-8334; Santa Cruz Biotech), mCherry (mouse monoclonal IC51; Abcam), Flag tag (rabbit polyclonal Ab1162; Abcam), ␣-tubulin (mouse monoclonal T9026; Sigma), MAb414 (Covance), and Nup50 (Ab4005; Abcam) were commercial, as were horseradish peroxidaseconjugated secondary antibodies (anti-mouse IgG [A2554; Sigma] and anti-goat IgG [A5420; Sigma]) and anti-rabbit IgG (W401; Promega).
